A novel anaerobic, Fe(III)-reducing, hydrogenogenic, carboxydotrophic bacterium, designated strain Ug1 T , was isolated from a volcanic acidic hot spring in southern Kyushu Island, Japan. Cells of the isolate were rod-shaped (1.0-3.0 mm long) and motile due to peritrichous flagella. Strain Ug1 T grew chemolithoautotrophically on CO (100 % in the gas phase) with reduction of ferric citrate, amorphous iron (III) oxide, 9,10-anthraquinone 2,6-disulfonate, thiosulfate or elemental sulfur. No carboxydotrophic growth occurred with sulfate, sulfite, nitrate or fumarate as electron acceptor. During growth on CO, H 2 and CO 2 were produced. Growth occurred on molecular hydrogen as an energy source and carbon dioxide as a sole carbon source. Growth was observed on various organic compounds under an N 2 atmosphere with the reduction of ferric iron. The temperature range for carboxydotrophic growth was 50-70 6C, with an optimum at 65 6C. The pH 25 6C range for growth was 4.6-8.6, with an optimum between 6.0 and 6.5. The doubling time under optimum conditions using CO with ferric citrate was 1.5 h. The DNA G+C content was 42.2 mol%. Analysis of 16S rRNA gene sequences demonstrated that this strain belongs to the thermophilic carboxydotrophic bacterial genus Carboxydothermus, with sequence similarities of 94.1-96.6 % to members of this genus. The isolate can be distinguished from other members of the genus Carboxydothermus by its ability to grow with elemental sulfur or thiosulfate coupled to CO oxidation. On the basis of phylogenetic analysis and unique physiological features, the isolate represents a novel species of the genus Carboxydothermus for which the name Carboxydothermus pertinax sp. nov. is proposed; the type strain of the novel species is Ug1 T (5DSM 23698 T 5NBRC 107576 T ).
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Carbon monoxide (CO) is an odourless toxic gas that is often detected in hydrothermal environments of volcanic affiliation (Lilley et al., 1982; Shock et al., 2010) . In such environments, thermophilic CO-oxidizing prokaryotes are assumed to play important roles as CO scavengers (Techtmann et al., 2009) . Some of CO-oxidizing H 2 -producing anaerobes, such as Carboxydothermus hydrogenoformans (Svetlichny et al., 1991) , are so-called 'carboxydotrophic hydrogenogens'. CO oxidation by this micro-organism is coupled to reduction of water, summarized as follows: CO+H 2 O A CO 2 +H 2 , DG 0 95220 kJ mol 21 (Svetlitchnyi et al., 2001) . Recent studies have shown physiological diversity in situations where hydrogenogenic growth can also occur simultaneously with the reduction of various electron acceptors (reviewed by Oelgeschläger & Rother, 2008; Sokolova et al., 2009) . For example, ferric iron is reduced by Carboxydothermus siderophilus (Slepova et al., 2009 ) and Thermosinus carboxydivorans (Sokolova et al., 2004b) , and elemental sulfur is reduced by some strains of the archaeal genus Thermococcus (Sokolova et al., 2004a; Lee et al., 2008) . At present, there are no reports on carboxydotrophic bacteria isolated from acidic hydrothermal environments that are usually rich in ferric iron and elemental sulfur (Stetter, 2005) . Here, we describe isolation and characterization of a carboxydotrophic bacterium from an acidic hot spring.
Samples were collected from Unagi-onsen (31 u 139 380 N 130 u 369 430 E), an acidic hot spring located in Ibusuki, Kagoshima Prefecture, Japan. This hot spring is located in a geothermally active area amidst volcanic calderas. The temperatures in the hot pool range from 45-97 u C. The pH of the sample water was 2.7, as measured in the laboratory at room temperature. Samples of hot water and sediments were collected in 250 ml glass bottles and sealed with rubber stoppers. Temperatures at the sampling site were approximately 50 u C. All samples were kept refrigerated during transportation to the laboratory.
For enrichment, 5 ml liquid B medium was dispensed into 180 mm618 mm glass test tubes (Pyrex) with butyl rubber stoppers (Sanshin Industrial) and then the headspace was filled with 100 % CO. Liquid B medium contained (l 21 ): 30 mg Na 2 SiO 3 , 1.0 g NH 4 Cl, 0.50 g KH 2 PO 4 , 0.30 g MgSO 4 . 7H 2 O, 0.50 g CaCl 2 . 2H 2 O, 0.30 g KCl, 0.10 g NaCl, 0.10 g NaHCO 3 , 0.50 mg resazurin, 1.0 ml trace mineral solution SL 6 (10-fold concentration; Pfennig, 1974) , 1.0 ml vitamin solution (Wolin et al., 1963) and 0.10 g yeast extract. Yeast extract, vitamin solution and NaHCO 3 were filter-sterilized (0.2 mm polycarbonate) separately and added after autoclaving. The pH was adjusted to 6.2 or 2.7 using a 1 M HCl solution. Throughout this study, the pH of the medium was adjusted to specific values at room temperature. Filter-sterilized 100 % CO (atmospheric pressure) was flushed into each glass tube and sealed immediately with a rubber stopper. Samples (500-1000 ml) were inoculated using syringes and incubated at 55, 70, 80 or 90 u C. Carboxydotrophic growth of enrichment cultures was assessed by direct observation of the cells using light microscopy (Eclipse E800 fluorescent microscope; Nikon) and determination of CO consumption in the headspace by GC (GC-2014; Shimadzu) equipped with a thermal conductivity detector and Shincarbon ST packed column (Shinwa Chemical Industries). This instrument can also be used for H 2 and CO 2 detection. Argon was used as the carrier gas.
After 2 days incubation, carboxydotrophic growth was observed in a single enrichment culture incubated at pH 6.2 at 55 u C. The growth was accompanied by an increase in pressure of the gas phase and a resazurin colour change (pink to colourless). CO consumption and production of H 2 and CO 2 was detected. Cells observed in this culture were primarily rod-shaped, varying in length, although some cells were coccoid. A serial 10-fold dilution-to-extinction method was used to purify the strain from the enrichment culture; however, no cultures of morphologically uniform cells were obtained. This may be caused by the lack of essential substances such as electron acceptors for a carboxydotrophic bacterium to grow independently in B medium.
To obtain a pure carboxydotrophic strain, we used a dilution-to-extinction method using a modified B medium (Bfc medium). For the Bfc medium, some components of B medium were modified as follows: 1.0 g NH 4 Cl was reduced to 0.50 g, 0.20 g MgCl 2 . 6H 2 O was used in place of MgSO 4 . 7H 2 O, NaCl was excluded, and 1.0 g ferric citrate was added as an electron acceptor. After autoclaving, carbon species (bicarbonate, vitamins and yeast extract) were supplemented as described above. The pH of the Bfc medium was adjusted to 6.2 using 5 M NaOH. Using this medium, a pure carboxydotrophic strain, designated Ug1 T , was isolated. The purity of strain Ug1 T was confirmed routinely by microscopy and direct sequencing of partial 16S rRNA genes.
For transmission electron microscopy (using JEM-1220; JEOL), cells were negatively stained with 2 % uranyl acetate. Transmission electron microscopy of the negatively stained cells of strain Ug1
T showed peritrichous flagella (Fig. S1 ). Light microscopy revealed that cells of strain Ug1
T were 1.0-3.0 mm long motile rods in the stationary growth phase. No sporulation was apparent during this study.
The 16S rRNA genes of the isolate were amplified by PCR using B27F (59-AGAGTTTGATCCTGGCTCAG-39) and U1492R (59-GGYTACCTTGTTACGACTT-39) primers (Lane, 1991) . Purified PCR products were ligated into the pGEM-T plasmid vector (Promega) and subsequently introduced into Escherichia coli DH5a cells for sequencing. A nearly full-length 16S rRNA gene sequence was obtained (1494 bases). The data also revealed that strain Ug1
T possesses at least four copies of the 16S rRNA gene, which were designated rrsA, rrsB, rrsC and rrsD. Ungapped similarities among these genes were greater than 98.8 %. BLAST analysis showed that the isolate was a member of the phylum 'Firmicutes', class Clostridia, order Thermoanaerobacterales and family Thermoanaerobacteraceae. The 16S rRNA genes of strain Ug1
T exhibited high similarities towards members of previously published species, C. hydrogenoformans (96.1-96.6 %) (Svetlichny et al., 1991) , C. siderophilus (95.9-96.4 %) (Slepova et al., 2009) , Carboxydothermus islandicus (95.6-96.4 %) (Novikov et al., 2011) and Carboxydothermus ferrireducens (94.1-94.4 %) (formerly Thermoterrabacterium ferrireducens; Slobodkin et al., 1997 Slobodkin et al., , 2006 . The program MEGA4 (Tamura et al., 2007) was used for multiple sequence alignments of the 16S rRNA genes of strain Ug1
T and members of the family Thermoanaerobacteraceae collected from DDBJ/EMBL/GenBank and the Ribosomal Database Project (Cole et al., 2009) . All gapcontaining sites in the alignment were excluded prior to phylogenetic reconstructions. The 16S rRNA genes of strain Ug1
T formed an independent clade most closely related to members of the genus Carboxydothermus (data not shown). To see the closer phylogenetic relationships, a maximumlikelihood phylogenetic tree of members of the genera Carboxydothermus and Moorella was reconstructed using the online phylogeny program PhyML 3.0 (Dereeper et al., 2008) . The phylogenetic tree demonstrated that strain Ug1 T is distinct from other members of the genus Carboxydothermus (Fig. 1 ).
Temperature and pH ranges for carboxydotrophic growth were determined using 250 ml glass bottles containing 50 ml medium Bfc (100 % CO). Growth was determined by direct enumeration of SYBR Gold (Invitrogen)-stained cells collected on 0.2 mm black polycarbonate membrane filters (Advantec) using a fluorescent microscope. Because the dye is pH sensitive, samples were buffered with an equal volume of filtered simplified Bfc medium (pH 8.0, Bfc medium without ferric citrate and carbon species) before staining.
Growth of the isolate was observed at 50-73 u C, with an optimum at 65 u C (Fig. S2a) . No growth was observed at 45 or 77 uC. The isolate grew at pH 4.8-8.6, with an optimum at pH 6.0-6.5 (Fig. S2b) . Cells did not grow at pH 4.2 or 9.5. The doubling time of Ug1 T under optimum conditions (65 u C, pH 6.2) was approximately 1.5 h.
To test the carboxydotrophic growth of the isolate, cell density, CO and H 2 concentrations in the headspace, and iron reduction (i.e. Fe 2+ production) were measured under optimum growth conditions. Fe 2+ concentrations in the liquid phase were measured using the ferrozine method described by Sørensen (1982) with minor modifications as follows. The sample cultures were diluted (10 % v/v) in 1 M HCl to stabilize Fe 2+ and stored at room temperature before use. A 10 % (v/v) diluted sample was then mixed with ferrozine-HEPES buffer (pH 7.0). FeCl 2 solutions were used as standards.
As cell density increased, CO concentrations decreased and H 2 was produced (Fig. S3) . After 85 h incubation, approximately 94 % of the initial CO in the headspace was consumed and the amount of H 2 production was approximately 69 % of the CO uptake. Iron reduction was observed during growth compared with the control medium without inoculation (Fig. S3) . Ferric citrate visually changed into a loosely aggregated greenish-brown precipitate during the late exponential growth while no change was observed without inoculation. The precipitate eventually disappeared during the stationary phase.
Unless otherwise mentioned, the following experiments were performed using glass test tubes (5 ml liquid phase) with 100 % N 2 in the gas phase. Bfc medium without yeast extract and ferric citrate was prepared as the basal medium. Growth of the isolate with ferric iron or without addition of electron acceptors in reduced medium supplemented with 0.1 % (w/v) Na 2 S . 9H 2 O solution was tested on the following substrates: 2 g yeast extract l 21 or 2 g peptone l
21
, and 20 mM glycerol, sucrose, glucose, xylose, galactose, lactose, fructose, formate, lactate, acetate, pyruvate, succinate, oxalate, citrate, ethanol or methanol. Ferric citrate (20 mM) or amorphous iron (III) oxide (20 mM; Slobodkin et al., 1997) was used as ferric iron. To test for chemolithoautotrophic growth, CO or a mixture of molecular hydrogen and carbon dioxide (80 % H 2 /20 % CO 2 in the headspace) was used as an energy source in the presence of ferric iron or without additional electron acceptors in reduced medium. Cells grown on CO without yeast extract were prepared as inocula (10 %, v/v). Cultures without addition of any substrates were used as a control.
Strain Ug1
T grew on yeast extract, peptone, pyruvate, glucose and chemolithoautotrophically on CO with both ferric citrate and amorphous iron (III) oxide. Growth was observed only with ferric citrate on fructose, sucrose, lactate, succinate, ethanol, glycerol, and chemolithoautotrophically using H 2 . Growth of strain Ug1
T on glucose and sucrose was observed after 10-12 days incubation, whereas growth on the other substrates occurred rapidly within 2-4 days. The strain did not grow on xylose, galactose, lactose, formate, acetate, oxalate, citrate or methanol under the conditions tested. When Na 2 S was added to the medium, strain Ug1 T grew on CO and H 2 without ferric iron. No fermentative growth occurred without ferric iron. Strain Ug1
T did not produce a magnetic precipitate.
Growth of strain Ug1 T on CO in basal medium with or without the following electron acceptors was determined: sulfate (20 mM), thiosulfate (20 mM), sulfite (20, 10 or 5 mM), colloidal elemental sulfur (10 g l 21 ), nitrate (20 or 10 mM), fumarate (20 mM), amorphous iron (III) oxide (20 mM), ferric citrate (20 mM), and 9,10-anthraquinone 2,6-disulfonate (AQDS; 20 mM). A 10 % (v/v) culture grown on CO in Bfc medium without yeast extract was used as an inoculum to test each electron acceptor. To verify growth, cells were transferred to fresh medium from the growth-positive culture that yielded the highest cell density. These procedures were repeated at least four times before growth was scored as positive. To determine differences in physiology between our isolate and previously described species, growth of C. hydrogenoformans DSM 6008 T and C. ferrireducens DSM 11255 T was tested on CO with various electron acceptors in a similar manner using basal medium prepared anaerobically under N 2 gas. Both strains were purchased from the Deutsche Sammlung von Mikroorganismen und Zellkulturen (Braunschweig, , respectively. Generation of H 2 S occurred during growth on thiosulfate and elemental sulfur. Pressure in the gas phase increased in all growth-positive cultures due to H 2 production. Cells grew with fumarate and without an electron acceptor with the first inoculation but ceased growing when transferred to fresh medium. Strain Ug1 T did not grow on sulfate, sulfite or nitrate. In our basal medium, C. hydrogenoformans did not grow with electron acceptors such as fumarate and AQDS as described previously (see Table 1 ). Instead, C. hydrogenoformans grew on CO with production of H 2 and reduction of ferric citrate. C. ferrireducens could be maintained in medium with sulfur and thiosulfate, but neither CO consumption nor H 2 production was observed under all conditions tested. Thus, it is concluded that growth of C. ferrireducens on CO is negative.
To examine antibiotic sensitivity, growth of strain Ug1
T was analysed for 1 week in Bfc medium (100 % CO) supplemented with chloramphenicol, erythromycin, ampicillin, streptomycin, tetracycline, penicillin or rifampicin (100 mg ml
21
). These antibiotics inhibited growth of strain Ug1 T . Cells were collected by centrifugation and rinsed with 50 mM EDTA (pH 7.0) several times to eliminate contaminating ferric citrate. DNA was extracted from rinsed cells according to the NaOH method described previously (Mesbah et al., 1989) . Purified DNA was resuspended in distilled water. DNA was degraded using a DNA-GC kit (Yamasa Shouyu) according to the manufacturer's protocol. The G+C content was analysed using HPLC (Prominence; Shimadzu) as described previously (Tamaoka & Komagata, 1984) . The DNA G+C content of the isolate was 42.2±0.6 mol% (mean±SD; determined in triplicate). 
*Values of CFAs of C. islandicus grown on CO (Novikov et al., 2011) . DData are from this study apart from data in parentheses, which are taken from previous reports. dCarboxydotrophic growth without production of H 2 .
For analysis of cellular fatty acids (CFAs) and polar lipids, cells of strain Ug1 T were grown on CO in Bfc medium supplemented with 0.2 g yeast extract l
21 for 72 h. To compare lipid patterns of strain Ug1
T with those of the two reference strains, C. hydrogenoformans was grown in basal medium (supplemented with 0.2 g yeast extract l 21 under CO in gas phase) for 72 h and C. ferrireducens was grown in Bfc medium (supplemented with 0.2 g yeast extract l 21 and 20 mM glycerol under N 2 in gas phase) for 48 h. CFAs were determined using the Microbial Identification System (MIDI) by GC (Sasser, 1990) at TechnoSuruga Laboratory (Shizuoka, Japan). The major CFAs of the isolate were C 15 : 0 (32.2 %) and iso-C 15 : 0 (16.1 %) ( Table 2 ). This CFA profile differed from those of related members of the genus Carboxydothermus as reported by Novikov et al. (2011) , who showed that C 15 : 0 is a minor lipid in C. hydrogenoformans, C. ferrireducens and C. islandicus (Table 2) . Extraction and analysis of polar lipids were conducted using two-dimensional TLC according to Minnikin et al. (1984) . As observed for related strains by Novikov et al. (2011) , strain Ug1
T possessed a single major phospholipid (Fig. S4) ; in our study, the same pattern was observed in C. hydrogenoformans and C. ferrireducens.
To our knowledge, strain Ug1
T is a novel, previously undescribed, hydrogenogenic, carboxydotrophic bacterium isolated from an acidic hot spring. 16S rRNA gene sequence similarities of the isolate with other members of the genus Carboxydothermus were less than 97 %, suggesting that strain Ug1
T is a novel species of this genus based on the bacterial criteria (Tindall et al., 2010) . With the exception of C. ferrireducens (Henstra & Stams, 2004; Slobodkin et al., 2006) , all members of the genus Carboxydothermus are carboxydotrophic hydrogenogens (Table 1) . Consistent with the metabolic reaction, the molar amounts of CO consumption and H 2 production during growth of C. hydrogenoformans, C. siderophilus and C. islandicus are almost equivalent (Svetlichny et al., 1991; Slepova et al., 2009; Novikov et al., 2011) . However, strain Ug1
T produced a smaller amount of H 2 than expected, approximately 69 % of the CO uptake (see Fig. S3 ). Since the isolate is able to utilize H 2 in the presence of ferric citrate, part of the produced H 2 may have been consumed. Unlike related strains, strain Ug1 T appeared to prefer ferric citrate (soluble iron) as compared with amorphous iron (III) oxide (insoluble iron) as an electron acceptor for broader substrate utilization. Since the ferric iron is more stable in soluble form at a lower pH and tends to form insoluble compounds of amorphous iron (III) oxide (ferrihydrite) at higher pH (Schwertmann, 1991) , strain Ug1
T may have adapted to use soluble iron in the acidic environment of its origin. However, carboxydotrophic growth of strain Ug1
T did not occur at pH below 4.2 in our experiments under laboratory conditions. Occurrences of in situ carboxydotrophic growth in an acidic hot spring are still unanswered questions. Another notable feature of strain Ug1
T is a reduction of elemental sulfur coupled to CO oxidation. This respiration has only been reported in some archaeal species of the genus Thermococcus (Sokolova et al., 2004a Lee et al., 2008) and presumably in Thermoproteus (Fischer et al., 1983) . Our findings of CO oxidation with elemental sulfur and thiosulfate show the distinct physiology of strain Ug1
T compared with other members of the genus Carboxydothermus. Based on physiological characteristics and phylogeny, strain Ug1
T represents a novel species of the genus Carboxydothermus, for which the name Carboxydothermus pertinax sp. nov. is proposed.
Description of Carboxydothermus pertinax sp. nov.
Carboxydothermus pertinax (per9ti.nax. L. masc. adj. pertinax very tenacious, persistent, referring to their persistence in acidic hot water).
Cells are 1.0-3.0 mm long, motile rods with peritrichous flagella. Grows at 50-73 u C (optimum 65 u C) and pH 25 uC 4.6-8.6 (optimum pH 25 uC 6.0-6.5). Utilizes CO as a sole carbon source and produces molecular H 2 and CO 2 . Can grow on CO in the presence of ferric citrate, amorphous iron (III) oxide, AQDS, thiosulfate and elemental sulfur. When the medium is reduced, cells can grow on CO without additional electron acceptors. Grows chemolithoautotrophically on H 2 as an energy source and CO 2 as a sole carbon source. Does not grow on CO with nitrate, fumarate, sulfate or sulfite as an electron acceptor. In the presence of ferric citrate, utilizes yeast extract, peptone, sucrose, glucose, fructose, glycerol, lactate, pyruvate, succinate and ethanol as sole carbon sources. Grows with reduction of amorphous iron (III) oxide on yeast extract, peptone, pyruvate and glucose. No growth occurs on xylose, galactose, lactose, citrate, acetate, oxalate, formate or methanol. The major CFAs are C 15 : 0 and iso-C 15 : 0 .
The type strain, Ug1
T (5DSM 23698 T 5NBRC 107576 T ), was isolated from an acidic hot spring at Unagi-onsen, located in Ibusuki, Kagoshima Prefecture (southern Kyushu Island), Japan. The DNA G+C content of the type strain is 42.4 mol% (HPLC).
